It is important to economically and non-destructively analyze three-dimensional (3-D) shapes of nanometer to micrometer scale objects with sub-nanometer measurement resolution for emerging high-volume nanomanufacturing, especially for process control. High-throughput through-focus scanning optical microscopy (TSOM) demonstrates promise for such applications. TSOM uses a conventional optical microscope for 3-D shape metrology by making use of the complete set of through-focus, four-dimensional optical data. However, a systematic study showing the effect of various parameters on the TSOM method is lacking. Here we present the optimization of the basic parameters such as illumination numerical aperture (NA), collection NA, focus step height, digital camera pixel size, illumination polarization, and illumination wavelength to achieve peak performance of the TSOM method. 
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Introduction
In the areas of the semiconductor industry and nanotechnology, three-dimensional (3-D) shape evaluation of components is becoming increasingly critical [1, 2] , especially for process control. Several metrology tools are currently available , including for 3-D shape evaluation, with each tool having certain advantages and disadvantages. Low-cost and highthroughput are two of the many requirements for industrial applications, in addition to satisfactory measurement sensitivity and resolution as per the International Technology Roadmap for Semiconductors (ITRS) [33] . Popular industrial metrology tools currently used to evaluate 3-D shape in the semiconductor industry are electron based tools (e.g. scanning electron microscopy (SEM)), probe based tools (e.g. atomic force microscope (AFM)), and optics-based tools (e.g. scatterometry). The National Institute of Standards and Technology (NIST) pioneered the x-ray based tool referred to as critical dimension small angle x-ray scattering (CD-SAXS) [4, 22] that has attracted much industrial attention. A hybrid metrology method initially pioneered at NIST further improved the measurement resolution [27, 28]. Through-focus scanning optical microscopy (TSOM) is another optical metrology method developed at the NIST that demonstrated 3-D shape analysis capability with sub-nanometer measurement resolution using low-cost, conventional optical microscopes [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . TSOM is ideally suitable as a 3-D shape process monitoring tool for high-volume manufacturing (HVM) . TSOM can analyze the 3-D shape of target sizes ranging from sub-10 nm to over 100 μm; including isolated as well as repeated structures. For this reason, it needs only a fraction of the target size compared to a scatterometry target [42] , and hence has the potential for indie metrology. TSOM can analyze truly 3-D, deep structures such as through silicon vias and high aspect ratio trenches or vias [46, 47] . In addition, it can reduce the effects of optical cross-correlation, making it less ambiguous to identify the dimensional variations that are leading to the observed optical signal [37, 38] . Three-dimensional shape analysis of isolated sub-50 nm wide lines with sub-nanometer measurement resolution was experimentally demonstrated using the visible illumination wavelength of 546 nm [48] . Measurement sensitivity of less than 0.1 nm was revealed for sub-25 nm wide lines (critical dimensions (CDs)) again using 546 nm wavelength [42] . TSOM is increasingly recognized as a viable nanometrology method, as evidenced by being listed in several technology road maps and guides [33, 46, 49] , patent applications [50, 51] , and science news reports [41, 43] .
A TSOM image is a vertical cross-section constructed from the four-dimensional (4-D) optical data [48] acquired using a conventional optical microscope as a target is scanned along the focus direction [34, 37, 38] . In a TSOM image the X (horizontal), Y (vertical), and color scale axes represent the spatial position across the target (e.g. along a cross-section line), the focus position, and the optical intensity, respectively. A differential TSOM (D-TSOM) image produced by subtracting two TSOM images (usually obtained using two targets) highlights the 3-D shape difference in the targets down to a sub-nanometer scale [42, 48] . In addition, the D-TSOM image patterns are distinct for different types of parameter changes but qualitatively similar for different magnitude changes in the same parameter [34, 37, 38] . The optical intensity contained in a D-TSOM (or a TSOM) is quantified using the optical intensity range (OIR) [42, 48] , defined as the absolute difference between the maximum and the minimum of the normalized optical intensity multiplied by 100. The practical steps to obtain a D-TSOM image are shown as a flow chart in Fig. 1 . Optimization of optical system parameters to reduce the total imaging system noise is an important initial step, which we discussed in a previous publication [52] . We showed that the best balance between signal-to-noise performance and acquisition time could be achieved by judicious spatial averaging. Correct background-signal subtraction of the imaging-system inhomogeneities is also critical, as well as the careful alignment of the constituent images used in the analysis. After optimizing the optical system noise, the next logical step is to optimize the experimental parameters (or conditions) to enhance the sensitivity to the dimensional difference. Here we optimize the basic parameters such as illumination numerical aperture (NA), collection NA, focus step height, camera pixels, illumination polarization, and illumination wavelength. In the end, we also briefly discuss methods to enhance the throughput of TSOM.
Experiments
We used the following optimization procedure. Two isolated Si lines (nominally 31 nm and 38 nm linewidths and 70 nm height) on a Si substrate were selected as the targets. The fabrication of the targets is similar to that reported earlier [42, 52] . D-TSOM images from these two targets were obtained under the different parametric conditions. The varying magnitudes of the OIR from the D-TSOM image represent the sensitivity of TSOM (for the given fixed linewidth difference). The aim here is to maximize the sensitivity (i.e. OIR) and increase the throughput (without or minimally sacrificing the sensitivity) by optimizing the controllable experimental parameters such as illumination NA (INA), collection NA (CNA), focus step height, camera pixels, illumination polarization, and illumination wavelength. The absolute difference in the magnitude of the selected linewidths is irrelevant as the linewidth difference remains the same under all the experimental conditions. Only the OIRs (of the D-TSOM images) change based on the parametric conditions. Under these conditions, the TSOM sensitivity is proportional to the magnitude of the OIR of a given D-TSOM image.
The TSOM data were acquired using a bright-field, reflection mode optical microscope. Two band-pass filtered LED sources were used to obtain 520 nm and 405 nm illumination wavelengths (λ). The filter used allows a full-width half-max band pass of approximately 10 nm. Other microscopic conditions are similar to that reported in [52] . As depicted in Fig. 1 , each analysis requires three through-focus data sets under the same experimental conditions: two data sets using the two selected isolated lines, and one data set using a smooth, clean surface from the test samples. The third data set (from the smooth Si surface) is required to eliminate the optical system (or background) noise from the two target data sets [52] . The parameters used in this study are as close as possible to the noise-optimized base parameters suggested before [52] : smoothing filter span = 400 nm, box width = 0.5 μm, camera pixel scale = 65 nm/pixel, interpolated pixel scale = 20 nm/pixel, optical image signal strength = 100 A.U., focus step size = 300 nm. Of course, when the effect of a parameter is studied, only that parameter would be varied keeping all the other parameters constant. A detailed description of these parameters can be found in [52] . The TSOM analysis was done using the software developed at NIST. Each result given below is an average of 5 repeats. The standard deviations (as a percentage) of the OIR values for the TSOM images varied from about 0.5% to 1.5%.; while for the D-TSOM images they varied from about 2% to 6%. There is approximately 7% standard deviation in the reported INA measurements. CNA values are from the manufacturer of the objectives.
Results and discussion
In a reflection type of microscope (as is the one used in the current study), both illumination of the target and collection of the scattered light from the target occurs through the same objective. The illumination cone of light is illustrated in Fig. 2(a) . The light scatters in many directions. However, only the scattered light that is within the collection cone (constrained by CNA) of the objective (Fig. 2(b) ) enters the microscope and forms the image. CNA is usually fixed for a given objective. However, INA can be easily varied by adjusting the condenser aperture diaphragm. Here, we first discuss the effect of varying INA (Figs. 2(c) and 2(d)) and CNA (Figs. 2(e) and 2(f)) on the TSOM sensitivity.
One of the parameters that has a strong influence on sensitivity when using the TSOM method of analysis is INA. The effect of INA on the OIR of the TSOM and the D-TSOM images is shown in Fig. 3 (by keeping the other parameters constant). Starting from Fig. 3 onwards, all the TSOM images shown will be for the linewidth of 31 nm. The OIR of the TSOM, as well as the D-TSOM images, increases with decreasing INA, showing that the TSOM sensitivity increases with decreasing INA. In addition, the optical information captured by the TSOM image also increases with decreasing INA as can be observed by the increased degree of the color pattern (i.e. optical information). In fact, a dramatic change in the TSOM image color pattern can be observed for the INAs changing from 0.85 to 0.15. In other words, the TSOM image contains richer optical information regarding the target at a lower INA. The optical signal (i.e. intensity pattern) in the TSOM method extends both horizontally (larger signal) and vertically (through a larger focus range) with decreasing INA. This phenomenon can be explained using optical coherence. Decreased INA increases optical coherence and results in an interference or diffraction optical signal that extends both horizontally and vertically in a TSOM image. This condition is beneficial to TSOM type of analysis. This desirable property is exactly opposite to the conventional microscopy design, where much emphasis is given to reducing the optical coherence so that the image appears sharp as in Figs. 3(c) and 3(c') . Here we demonstrate the effect of NA of the objective (CNA) by using two objectives with two different CNAs (0.55 and 0.85). The condenser aperture diaphragm was adjusted for the selected two objectives such that their INAs are the same, and hence, the effect of CNA can be isolated. The effect of CNA on the TSOM sensitivity is shown in Fig. 4 . In this case, the larger CNA shows a higher sensitivity (OIR increases from 7.3 to 9.6). At a given fixed INA, the scattered light is nearly the same irrespective of the CNA as the targets are the same. However, the amount of scattered light entering the objective (to form the image) increases with increasing CNA. In other words, more optical information from the targets is collected by the objective with increasing CNA, thus enhancing the sensitivity.
In general, when the OIR of a TSOM image increases as a function of the change in any given parameter, then usually the corresponding D-TSOM signal strength also increases, and vice-versa. However, under the current experimental conditions, the wavelength of the illumination has the opposing effect on the OIRs of the TSOM and the D-TSOM images. . A similar reduction in sensitivity to line width with decreased λ was reported in a previous publication where TSOM images were obtained using optical simulations [42] , supporting the experimental observations made here. However, in the case of defect analysis, in nearly every case the lower λ increases defect detection (i.e. increases sensitivity) [39] . The defect and linewidth examples presented here highlight that a generalized statement for TSOM sensitivity cannot be made with respect to λ, perhaps due to the dependence of optical properties and penetration depth with λ. Since TSOM is an optical method, a small change in the 3D shape of a target produces a change in the optical signal that spreads over a large lateral distance [48] . For example, under the current experimental conditions, a nominally 7 nm difference in the linewidth produced a lateral change in the D-TSOM optical signal spreading over a micrometer. Therefore, a relatively large camera pixel scale (or low camera pixel count) can still adequately detect these large-scale lateral changes in the signal. Camera pixel scales such as 16 nm/pixel [5.8 mega pixel (MP), Fig. 6(a) ], 65 nm/pixel [0.36 MP, Fig. 5(a) ] and 161 nm/pixel [0.056 MP, Fig. 6(b) ] produced a similar sensitivity to the fixed linewidth difference showing that the dimensional sensitivity as detected by TSOM is robust to camera pixel resolution (or camera pixel scale). However, noise increases with increased pixel scale [52] , which could be the reason for the small difference in the TSOM sensitivity observed in Fig. 6 . This shows that a relatively small number of pixels (or a low MP camera) could successfully be used with the TSOM method of analysis.
When we compare Figs. 4(a) and 4(a') with Figs. 5(a) and 5(a') we can realize that polarization of the illumination has a significant effect on the TSOM sensitivity. In the current case, the 90° polarized light (electric field parallel to the line) has higher sensitivity compared to the un-polarized light. However, this may not be the case under all the conditions and hence the polarization sensitivity needs to be optimized for a given condition. Figure 7 shows the effect of focus step size on the TSOM sensitivity. For the three step sizes used, a similar sensitivity can be observed. The similar explanation given to the pixel scale can be provided for the focus step also, as the optical signal in the D-TSOM image extends through a large focus distance making it possible to use large step sizes, adequately.
In Fig. 6 , pixel scale was increased up to 161 nm/pixel by keeping a fixed focus step size of 300 nm, while in Fig. 7 , focus step size was increased up to 2000 nm by keeping a fixed camera pixel scale of 65 nm/pixel. Under these two kinds of varying conditions, the TSOM sensitivity remains approximately the same. Here we increase both the focus step size and the camera pixel scale simultaneously to determine the maximum values where the TSOM starts to break down. It was found that up to a focus step size of 1500 nm and a pixel scale of 161 nm, TSOM continues to show sensitivity to the given linewidth difference with nearly similar appearing TSOM and D-TSOM image patterns (Fig. 8) ; however, the sensitivity is reduced. Under these extreme conditions, the raw TSOM image has a total pixel count of 375, indicating that TSOM continues to detect the nanometer scale difference with extremely low image pixel count (ideally suitable for high-throughput applications). TSOM inherently requires several through-focus images. Reducing the number of through-focus images needed can effectively reduce the acquisition time and hence increase throughput. Here we evaluate the minimum number of TSOM images required to obtain a sensitivity similar to under the standard conditions used in the above paragraphs (with approximately an OIR of 7.3 for the D-TSOM image). It was found that as low as six through-focus images at a focus step size of 2000 nm, but with 65 nm/pixel scale were sufficient to get an OIR of 7.3 for the D-TSOM image (Fig. 9) . By optimizing the camera pixel size, focus step size, and number of focus steps required, the throughput of TSOM can be enhanced. An acquisition time of 200 ms for 100 focus steps has already been demonstrated in the laboratory [53] . If the number of focus steps required is less than 100 (say, for example, 20), then the TSOM acquisition time can be significantly less than 200 ms, enabling high-throughput TSOM measurements. In summary, the current study shows that optimizing parametric conditions is important for obtaining the highest sensitivity using TSOM. Low illumination NA and high collection NA enhance TSOM sensitivity as do appropriately chosen illumination polarization and wavelength. Depending on the application, large focus step sizes and large camera pixel scales (i.e. low MP cameras) can be adequately used with acceptable sensitivity. In other words, TSOM requires less stringent conditions than the other tools to obtain nanometer scale 3D shape sensitivity.
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